Introduction
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Cyclopropabenzindoles (CBI) are more biologically potent, stable and synthetically accessible analogues of cyclopropapyrroloindole (CPI) antitumour antibiotics, such as duocarmycin-SA 1 and CC1065 2 ( Figure 1 ).
1,2 These compounds are exquisitely potent cytotoxins (1 shows IC 50 = 10 pM against L1210 cells) 3 15 but it is this very potency that makes them difficult to develop as selective anticancer drugs. Recently, much effort has gone into developing prodrugs (e.g. 3,4) for selective delivery of CPIs and CBIs to tumours. 2, 4 Efficient routes to the required hydroxy-secoCBIs are available but access to the corresponding amino-seco- 20 CBIs is more challenging. 5, 6 As part of our research towards a general route to amino-secoCBIs, di-Boc-1-iodonaphthalene-2,4-diamine 11 was prepared from 2,4-dinitronaphthalen-1-ol 6 in five steps, as shown in Scheme 1. Inexpensive Martius Yellow 6 was triflated at oxygen, 25 forming 7. 5 S N Ar displacement of the triflate with iodide then produced the iodonaphthalene 8 in good yield. Unfortunately, reduction of the nitro groups of 8 was accompanied by complete loss of the iodine to form the naphthalenediamine 9, which was converted into the di-Boc-protected derivative 10. The iodine was 30 restored electrophilically with an I + -equivalent generated from Niodosuccinimide and toluenesulfonic acid, affording the key intermediate 11. For our route, we needed to discriminate between the two amine nitrogens in 11 to access either 12 or 13 or to form the diamine 14 (for later selective reprotection) by treatment with a 35 dilute (0.85%, one equiv.) solution of trifluoroacetic acid in dichloromethane (Scheme 1). However even prolonged reaction (ca. 7 days, 20°C) only resulted in the isolation of 10, from unanticipated loss of iodine but retention of the normally acid-labile Boc groups. Further attempts with more concentrated solutions of 40 CF 3 CO 2 H removed both Boc groups but the iodine was lost, giving 9. To understand the process more fully, a series of NMRscale experiments was undertaken, leading to identification of un- expected cationic Wheland-like intermediates.
Results and discussion
Compound 11 was dissolved in deuteriochloroform (150 L) and CF 3 CO 2 H (450 L) at 0°C in a 5 mm NMR tube and introduced to the pre-cooled spectrometer probe. The course of the reaction 5 was followed by 1 H NMR at 0°C for 120 min, during which time both Boc groups were cleaved to give 15 in good yield (>90%, by 1 H NMR) (Scheme 2). Although the NMR spectrum of 10 is clear, it was noted that new peaks upfield of the signals for the aromatic protons of 15 were slowly appearing. Raising the temper-10 ature to 20°C caused these new signals to become dominant until, after 2 h at 20C, they were present at >90%, with loss of the peaks for 15; selected 1 H NMR spectra from this experiment are shown in Figure 2 ‡ Most significant is the signal at  9.64 in the 13 C spectrum, arising from an sp 3 carbon, with an associated proton signal at  6.50, as shown by HSQC. The upfield shift of the aromatic proton can be attributed to the loss of aromaticity, the stabilisation of the posit-20 ive charge in the compound and the shielding effects of the iodine. 3-H # also experiences a significant upfield shift of 2.06 ppm. Cation 16 is relatively stable in CF 3 CO 2 H / chloroform solution, with little change during 7 d at 20C. However, all attempts at isolation afforded only the de-iodinated product 9.
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More information about the reaction was obtained using CF 3 CO 2 D. The overall course of the reaction was similar, with removal of both Boc groups at 0°C at 2 h and at 20°C, a tetrahedral cationic species again formed. However, both the signal at  6.50 (1-H) and the signal at a larger signal for protium at 1-H than for the overall ratio in solution at early time points provides mechanistic information. Addition of a deuteron to 2-N is rapid but H/D exchange at this nitrogen is slow, so that full equilibration of H and D is not complete in the time taken to obtain the first NMR data. It follows that the 45 protonation at the 1-C is likely to be intramolecular from the N + H 2 D or the Bu t cation is the source; if it were intermolecular from the trifluoroacetic acid, then the ratio of H/D in the Wheland-like species would reflect the overall solution ratio from the start. Since 3-H displays this ratio at all times, exchange at 50 this position is much more rapid and may proceed directly from solvent. It is likely that the solution contains a mixture of dications and monocations but only the monocations have sufficient electron density to react (thus only the reactive monocations are shown in Scheme 2). 55 Similar experiments were undertaken with 9, with CF 3 CO 2 H and with CF 3 CO 2 D (Scheme 2). Treatment of 9 with CF 3 CO 2 H / deuteriochloroform at 20°C afforded a mixture of two compounds, assigned as the di-protonated naphthalenediamine 20 and a tetrahedral species 21, in ratio ca. 4:1, as shown by NMR. Of 60 particular note is the presence of a CH 2 in 21, confirmed by a phase-sensitive HSQC spectrum with a correlation peak at  4.13 in 1 H and  33.27 in 13 C. As with the iodo-compound 11, the aromatic protons show a marked up-field shift in moving to the the cationic Wheland species. There was little or no change in the 65 ratio 20 : 21 in CF 3 CO 2 H during 7 d at 20°C. When the experiment was repeated with CF 3 CO 2 D, deuterium was found to wash into both the 1-and 3-positions of 23 and, significantly, into the 1-and 3-positions of 22. This provides confirmation that 22 and 23 are in equilibrium. Surprisingly, the initial spectral data for 23 70 showed that the signal for 1-H integrates to almost two protons Scheme 1. Syntheses of protected 1-iodo-2,4-dinitronaphthalenes 11 and 26 used in the study and reaction of 11 with CF3CO2H. Reagents: i, Tf2O, Et3N, CH2Cl2; ii, NaI, acetone, ; iii, SnCl2, EtOAc; iv, Boc2O, THF, ; v, N-iodosuccinimide, TsOH, THF, MeOH; vi, 0.85% CF3CO2H in CH2Cl2; vii, >5% CF3CO2H in CH2Cl2; viii, (CF3CO)2O, Pr i 2NEt, THF. relative to the other aromatic protons and thus has very little deuterium incorporated when first formed. As with the formation of 16 / 18, this gives strong evidence for an intramolecular mechanism of protonation at 1-C, as the Bu t cation is absent from this reaction mixture. After 48 h, this signal had reduced in size and a 5 new triplet, slightly upfield at  4.14, arose. This peak correlated with a signal for a carbon with one proton attached (from the DEPT135 spectrum) and is assigned as CHD. The signal for 3-H also diminishes rapidly as deuterium was incorporated; at 4 min, the 3-H signal integrated for 0.18 H, whereas 1-H integrated for 26 was prepared (Scheme 1). Treatment of 9 with stoichiometric trifluoroacetic anhydride in dilute solution in THF achieved selective protection of the less-hindered amine in 15% yield. Interestingly, Hawkins et al. 7 reported selective introduction of Boc at this position with Boc-ON but in only 8% yield of crude material.
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Masking the remaining amine with Boc and introduction of the iodine gave 26. With trifluoroacetamide adjacent to the iodine, treatment of 26 with CF 3 CO 2 H in deuteriochloroform did not lead to NMR-observable concentrations of any tetrahedral cation. Following loss of Boc, only 27 was observed and, after 48 h, 25 iodine was lost to afford 28, shown by the presence of a signal at  8.29 for 1-H. Significantly, when CF 3 CO 2 D was used, both this peak and 3-H showed a reduced intensity after 48 h, indicating that deuterium is incorporated. A transient Wheland cationic species may be involved but the equilibrium concentration is too 30 low for observation. Deuterium was also incorporated into 29 /
30.
In each case where Boc was lost, the NMR spectra showed that the We believe that this is the first direct observation by NMR of Wheland-like intermediates derived from naphthalenes; these cations are remarkably stable, even at room temperature, but decompose on attempted isolation. The formation of these stable carbocationic species provides a partial explanation for the unexpected 65 loss of iodine in attempts to cleave Boc groups from 6. The iodine must be lost from the cationic species as an electrophilic I + -equivalent. Presumably, the trapping nucleophile is trifluoroacetate, although, at very long time-points (>7 d), the solutions turn dark red, suggesting the presence of I 2 .
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The abundant tetrahedral Wheland-like species 16 / 18, observed by NMR, is stabilised both by delocalisation of charge (including with the nitrogens) and by relief of steric compression between the very large iodine (R = 1.98 Å) and the peri 8-H as it moves from the sp 2 -hybridised educt to the sp 3 -hybridised 1-C in 75 the cation. However, the presence of iodine in the molecule is not essential for the formation of these cationic species, as shown by the formation of 21 / 23 and the reactions of 27 / 29. Figure 3 shows space-filling representations of MM2-minimised structures of 15 and 16, to illustrate this point.
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Conclusions
Here we report the generation of Wheland-like intermediates from (Boc-protected) naphthalenediamines. When the adjacent amine lacks an electron-withdrawing carbonyl, these intermediates are present in high concentrations in trifluoroacetic acid, 85 characterisable by 1 H and 13 C NMR at 0C and at 20C, much higher than have been used previously for less-stabilised benzenium cations. Strikingly, the source of the proton at the new tetrahedral carbon is shown to be intramolecular, through a 1,3-proton shift. These studies provide evidence for the mechanism of NMR experiments were performed using a Bruker Avance III spectrometer operating at 500.13 MHz ( TM from Bruker Daltonics (Bremen, Germany) using an electrospray source (ESI-TOF). Melting points were obtained using a Reichert-Jung heated-stage microscope. IR spectra were recorded on a Perkin-Elmer 782 infra-red spectrometer using pot-10 assium bromide discs. TLC was carried out on Merck aluminiumbacked TLC plates Silicagel 60 F 254 and viewed using UV light ( = 254 nm). Experiments were conducted at ambient temperature, unless otherwise noted. Solvents were evaporated under reduced pressure. Solutions in organic solvents were dried with mag-15 nesium sulfate. All reagents and solvents were of commercial reagent grade and were used without further purification. The brine was saturated.
2,4-Dinitronaphthalen-1-yl trifluoromethanesulfonate (7)
Martius Yellow (2,4-dinitronaphthalen-1-ol) 6 (501 mg, 2.14 20 mmol) and triethylamine (562 mg, 5.6 mmol) in dichloromethane (10 mL) were cooled in an ice bath and treated dropwise with trifluoromethanesulfonic anhydride (784 mg, 2.8 mmol). The mixture was stirred at 20C for 2 h under N 2 . Aq. HCl (0.5 M, 10 mL) was added in one portion and the mixture was stirred for 30 25 min. The aqueous phase was separated and extracted with dichloromethane. The combined organic phases were washed with sat. aq. sodium hydrogen carbonate and brine. Drying, evaporation and chromatography (dichloromethane) gave 7 (484 mg, 62%) as a yellow solid: mp 117-119°C (lit. 
1-Iodo-2,4-dinitronaphthalene (8)
Compound 7 (4.28 g, 11.7 mmol) was heated under reflux with sodium iodide (5.99 g, 40 mmol) in acetone (170 mL) for 2 h. 40 The evaporation residue, in ethyl acetate, was washed with sat. aq. sodium thiosulfate and dried. Evaporation and chromatogra- 
Naphthalene-1,3-diamine (9)
Compound 8 (1.05 g, 2.9 mmol) and tin(II) chloride dihydrate (9.84 g, 44 mmol) in ethyl acetate (100 mL) were heated under 10 reflux for 17 h. The mixture was added to ice and sodium hydrogen carbonate was added until the aqueous layer was basic. The mixture was extracted with ethyl acetate and the combined extracts were washed with water and dried. Evaporation gave crude 9 as a dark brown solid:  H (CDCl 3 ) 3.71 (2 H, s, NH 2 ), 
N,N'-Bis(tert-butoxycarbonyl)naphthalene-1,3-diamine (10)
The above crude 9 was heated under reflux with di-tert-butyl dicarbonate (3.11 g, 14. Compound 10 (417 mg, 1.28 mmol) was treated with N-iodosuccinimide (431 mg, 1.9 mmol) and 4-methylbenzenesulfonic acid hydrate (457 mg, 2.4 mmol) in tetrahydrofuran (7 mL) and methanol (7 mL) at -78°C. The mixture was allowed to warm 40 slowly to 20C over 4 h and was then diluted with aq. sodium thiosulfate (5%) and stirred at 20C for 15 min. The mixture was extracted with ethyl acetate. The combined organic extracts were dried and the solvents were evaporated. Chromatography (dichloromethane) gave 11 (400 mg, 71%) as a pale buff solid: mp 
tert-Butyl N-(1-iodo-2-(trifluoroacetamido)naphthalen-4-yl)-carbamate (26)
Compound 25 (336 mg, 0.95 mmol) in dry tetrahydrofuran (10 95 mL) was cooled to -78C and stirred under N 2 . N-Iodosuccinimide (309 mg, 1.4 mmol) in dry tetrahydrofuran (2.0 mL) was added followed by 4-methylbenzenesulfonic acid hydrate (370 mg, 1.9 mmol) in dry tetrahydrofuran (2.0 mL). The temperature of the mixture was allowed to rise slowly to 20C during 20 h.
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The reaction was quenched by addition of sat. aq. sodium hydrogen carbonate. The mixture was diluted with water and extracted with ethyl acetate. Drying, evaporation and chromatography (petroleum ether  petroleum ether / ethyl acetate 4:1) gave 26 (344 
